A B S T R A C T We investigated the contributions of intrinsic disease of the airways, loss of lung recoil and enhanced airway collapsibility to the airflow obstruction of 17 patients with chronic bronchitis and emphysema. Airways conductance at low flow (G.,), maximum expiratory flow (VE. MAX) and static lung recoil pressure [P.,t(L)] were measured at different lung volumes, and conductance-static recoil pressure and maximum flow-static recoil pressure curves constructed. Low values of AG.w/APa (L) and AVc, max/AP.t (L) were attributed to intrinsic airways disease. Airway collapsibilitv was assessed by comparing G.w with upstream conductance on forced expiration and by the intercept of the maximum flow-static recoil curve on the static recoil pressure axis (Ptm.).
All patients had reduced Gaw at all volumes but in seven GaGw/APatP(L) was normal. On forced expiration, maximum flow in all patients was reduced more than could be accounted for by loss of lung recoil. AVE, MAX/ AP.1 (L) was reduced in the patients in whonm AG.,/ P,. (L) was low. In contrast AVE, MAX/AP,t (L) was normal in three and only slightly reduced in another three of the seven patients with normal AGaw/APat (L). In these patients Gaw greatly exceeded upstream conductance and Ptm' was increased.
We conclude that loss of lung recoil could account for ,he reduction in resting airways dimensions in 7 of the 17 patients. Enhanced airway collapsibility commonly contributed to reduction in maximum flow. In three patients the airflow obstruction could be entirely accounted for by loss of lung recoil and enhanced airway collapsibility.
INTRODUCTION
Pathological change in the airway wall and lumen leading to narrowing and occlusion is commonly considered to be the most important abnormality in chronic airvays obstruction. Nevertheless, it has been recognized for many years that in some patients loss of lung recoil and abnormal dynamic narrowing of airways must contribute to the expiratory difficulty (1, 2) . Recent studies have shown that lung recoil pressure is an important determinant of the forces distending the airways during quiet breathing (3, 4) , and of the driving pressure for maximum flow on forced expiration (5, 6) ; in addition, it has been shown that enhanced collapsibility of the airways will reduce maximum flow (6) . In this paper we attempt to quantify the contributions of pathological change in the airway or its lumen of loss of lung recoil and of enhanced airway collapsibility to the airflow obstruction of 17 patients with "chronic bronchitis and emphysema." Studies have been made during quiet breathing and during forced expiration, and the results indicate that loss of recoil pressure plays an important role in reducing airway dimensions at low flow and that enhanced airway collapsibility contributes to the reduction in maximum expiratory flow (VE, MAX).' A preliminary report has already been published (7) . 
METHODS
Airways are elastic structures whose dimensions vary with changes in lung volume and with the dyinamic forces developed during breathing. Both these factors can be controlled by studying the relation betw-een alveolar pressure and flow over a range of pressures at a single lung volume (8) . A typical isovolume pressure-flow curve is shown in Fig. 1 . On such a curve, total airways conductance (flow/ alveolar pressure) is represented graphically by the slope joining any individual pressure-flowf point to the origin, so even at a single lung volume, conductance varies continuously with the alveolar pressure applied. In this complex situation there are two conditions under which at least some of the airway dimensions are fixed. The first is during breath-holding, when gas flow is zero and alveolar pressure equals atmospheric pressure. The second is at high values of alveolar pressure, where there is a plateau of expiratory flow at the maximum value and flow becomes independent of the driving pressure. Although on the plateau of an isovolume pressure-flow curve, total airway conductance decreases in parallel with increases in alveolar pressure, the intrabronchial pressure measurements of Macklem and Wilson (9) In the present patients we have examined these two points on the isovolume pressure-flow curve by measuring conductance close to zero flow and VE, MAx at a variety of lung volumes. As shown in Fig. 1 , between these two poiInts on the isovolume pressure-flow curve the pressure-flow relation is curved. Although this is usually the relevant part of the curve duiring tidal breathingr, it is much more difficult to analyse and we make no attempt to do so in the present paper.
Static dimensions of the airwcays: the conductance-static recoil plot. Our aim in this study was to distinguish changes in airway size that are caused by reduction in airway-distending forces from those that reflect a change in the airway wall or lumen itself. We use the term intrinsic disease of the airways to describe the situation where airway narrowing has to be ascribed to changes in the airway wall or lumen.
In intact man the relationship between airway dimensions and airway distending pressure can be approximated by plotting total airways conductance (Ga.), measured at low flows, against static transpulmonary pressure [P.t(L)]. Conductance provides a relatively sensitive measurement of the overall diameters of the tracheobronchial tree, because for laminar flow, con(luctanice is proportional to the fourth power of the radius of the airways. There is empirical evidence that P*, (L) is a useful indicator of the forces distendinig the airwx-ays during breath-holding or breathing at low flows. In man, when the relation between P., (L) and volume is altered by strapping the chest wall, airway conductance remains closely related to P.t(L) (3, 10).
Hyatt and Flath (11) found that in dogs there wvere only small differences between the diameters of intrapulmonary airways when studiedl at a giveni Pst(L) in the intact lung and at the same transbronchial pressure after the lung parenchyma had been dissected away. Although these studies indicate that P.t(L) is closely related to airway dimensions, this does not necessarily mean that peribronchial pressure is identical with pleural surface pressure. A recent theoretical analysis by Mead, Takishima, and Leith (4) suggests that the forces (listending the bronchi would be exactly equivalent to Ps,(L) only if the specific compliance of alveoli and bronchi were equal and if there x-ere no tension in the limiting membrane of the bronchus. \We know of no direct comparisons of specific compliance of bronchi and alveoli in human lungs; it has been su-gested that in dog lungs specific compliance of bronchi may be less than that of alveoli (4) 
In normal subjects from about 70% down to about 30% of the vital capacity equal pressure points become fixed on forced expiration at lobar or segmental bronchi (9) , and so in these circumstances the upstream segment corresponds approximately to the intrapulmonary airways. At lower lung volumes in normal subjects and throughout the vital capacity in some patients with chronic airflow obstruction (13) the equal pressure points are situated in more peripheral airways.
Eq. 1 can be expressed graphically by plotting maximum flow against static recoil pressure (Fig. 3a) (Fig. 3b) .
Pride, Permutt, Riley, and Bromberger-Barnea (6) developed a slightly different equation to predict VE, MAx at any lung volume with a plateau of flow on the isovolume pressure-flow curve: (2) where Ptm' is the critical transmural pressure (difference between lateral airway and extra-airway pressure) at which the flow-limiting airways narrow sufficiently to restrict flow, and G. is the conductance of the airways in the S segment during forced expiration. In this analysis the S segment comprises all the airways between the alveoli and those which form the flow-limiting segment. Hence the S segment will be shorter than the upstream segment of Mead et al. (5) (Fig. 3c ). In this analysis parallel displacement of maximum flow points to higher recoil pressures would be interpreted as being due to an increase in Pt.', implying enhanced collapsibility of flow-limiting airways (Fig. 3c) .
Experimental procedure. In each subject we measured total airways conductance, VE, MAx, and P,, (L) over as wide a range of lung volumes as was possible. Total airways conductance (Gaw) was measured in a variable pressure, constant volume body plethysmograph by the panting technique (14) . As discussed above, the aim was to measure conductance close to zero flow so that there would be no dynamic effects on airway dimensions. Patients 
). From these measurements, conductance-static recoil and maximum flow-static recoil plots were constructed as follows: (a) Conductance-static recoil plot, conductance at each lung volume was read off the conductance-volume curve and plotted against static recoil pressure for this volume. In all subjects an attempt was made to measure both inspiratory and expiratory pressure-volume curves, but in most subjects the expiratory pressure-volume curves were more repeatable. There was relatively little hysteresis between inspiratory and expiratory pressure-volume curves i. the patients and so expiratory pressure-volume curves were used in all except one patient in whom esophageal spasm at full inflation prevented reliable expiratory curves being obtained. (b) Maximum flow-static recoil plot, P,a(L) obtained on the expiratory pressure-volume curve was plotted against the value of V'E, MAX found at the same volume on the VE, MAx-volume curve. Flows close, to peak expiratory flow were ignored, since these are effort-dependent. The slope of the maximum flow-static recoil points, AV19,MAX/AP.t(L), was estimated between 70% and 30% of the vital capacity to obtain G.; the intercept of this slope on the pressure axis was used to estimate Ptm., All volumes were expressed at body temperature and pressure.
Suibjects studied. 10 normal subjects (9 men and 1 woman, average age 34.5 yr) and 17 patients with chronic airflow obstruction (16 Relation between total airways co nducta n volume. In all patients the conductance-vc vere displaced to higher lung volumes than mal subjects (Fig. 4) . As a result specific a ductance (SGa.w) at FRC (obtained by. c value of conductance at FRC by the value liters) was abnormal in all the patients (1I addition, in 14 of the 17 patients the value of at FRC was less than 0.4 liter/s/cm H20, xx ally taken as the lower limit of normal. In th three patients the absolute value of conduct the normal range and the abnormality in specific conductance was entirely due to the increase in FRC.
Routine measurements of airways conductance in patients with airflow obstruction are often made at a volume above FRC measured during quiet breathing, since lung volume tends to increase at the onset of the panting maneuver. When the present patients were asked to pant after breathing quietly in the normal tidal range, the average lung volume at which conductance wsas measured was 0.4 liter greater than FRC and conductance averaged 0.08 liter/s/cm H20 greater than the Value at FRC. In Fig. 4 the open circles indicate the results obtained when patients were asked to pant after a normal tidal breathing pattern and without any deliberate attempt to change lung volume. In the Table, values of conductance at the actual FRC have been recorded.
In most patients the conductance-volunme slope had a large intercept on the volume axis. As a result specific conductanice in the patients will not be independent of the volume at which it is measured, but will increase ____________ w-ith increase in lulg volume. 16 20 Relationl betzceen. total airways conidutctanice ( . 5 ). In seven of the patients these slopes fell .es (6, 7 , and w%ithin the range obtained in our normal subjects; in uctance-static these patients the abnormalities in conductance shown reol sl)opd in Fig. 4 could be attributed to a reduction in lung reThe patients coil pressure at a given lung volume. In contrast, we asrecoil slope sume that the patients with low AGaw/APat (L) slopes have intrinsic disease of the airway wall or lumen. \NVe were interested in whether there were differences in the dy-lanaic performance of the lungs of patients C and static with normal and abnormal AGaw/APat(L) slopes. In variable, but subsequelnt figures therefore we have confined our analyd value and sis to the seven patients wvith normal AGaw/GAP.t(L) liance which slopes and the six patients with the most abnormal the normal slopes (Fig. 5) , and have omitted those with intermediate abnormality. The mean FEV1 was 1.27 liter in the cc and lung patients with normal AGaw,/APut(L) slopes and 0.93 lume points liter in the six patients with markedly abnormal slopes; in the nor-only one of the eight patients studied with an FEV1 of tirways con-less than 1.0 liter had a normal slope. The mean exlividing the piratory static compliance in the patients with a normal of FRC in -GawGP//\P (L) slope was 0.56 liter/cm H20, as comPable I). In pared to 0.37 liter/cm H20 in the group with a reduced conductance slope.
Thich is usuRelation between D7E, M4x and lung recoil pressure. In e remaining all patients VE, MAX was reduced at any given value of flow-static recoil curves was greatest in the patients with low AG.w/AP.t(L) values (Fig. 6 ). G. in the normal subjects lay between 0.069 and 0.142 predicted total lung capacity/s/cm H20; it was below this normal range in 13 of the 17 patients. Pt.' was above the upper limit of our normal range (+ 1.7 cm H20) in 13 patients so that commonly the maximum flow-static recoil curve in the patients showed abnormalities in both slope (G.) and intercept (Ptm'). However the seven patients with normal AG8w/AP.t (L) values had relatively little reduction in G.. Three of these patients had values of G. within the normal range and in three more G, was between 0.062 and 0.068 predicted TLC/s/cm H20. In these seven patients the average value of G. Relationship between total airways conductance at low flows and rE, MAX (Fig. 7 ). There were considerable differences betveen the two groups of patients. In general those with a low AGGaw/APat(L) slope had relatively good VE, MAX in relation to the value of total conductance at the same lung volume, while the reverse was found in the patients with a normal AG.W/AP.t (L) slope.
DISCUSSION
The striking feature of the results is that in 7 of the 17 patients the observed reduction in conductance (measured at low flows) could be accounted for by the loss of lung recoil pressure. In no patient, however, was the loss of lung recoil pressure sufficient to account directly for the reduction in VsM. MAx. This difference between static and dynamic measurements is discussed below.
Limitations in the methods. Previous workers (3) who have related airway conductance to lung recoil pressure have obtained lung recoil pressure during occlusion of the shutter at the end of each period of panting. In pilot studies we found that the scatter of such directly obtained conductance-static recoil points was at least as great as that of conductance-volume points; as our patients tolerated the repeated panting procedure better when they were required to do this without an (a) In diseased lungs conductance will tend to rise with increasing frequency of breathing (22) and will strictly reflect static airway dimensions only if the measurement is made at low flow rates and at a very low frequency of breathing, whereas the present measurements were made at a frequency of about 2 breaths/s. However, values of conductance at 2 cycle/s in the patients with normal conductance-static recoil relationships were greater than 0.2 liter/s/cm H20 at FRC, and in such patients changes in conductance between frequencies of 0.3 and 2 cycle/s are small (see Figs. 6 and 9 in reference 22). Although we cannot exclude large changes in conductance at frequencies less than 0.3 cycle/s, it appears unlikelv that frequency dependence of conductance played an important part in explaining the findings in the patients with normal conductancestatic recoil relationships, but it will have led us to underestimate the severity of the airway disease in the patients with more abnormal values of conductance. (b)
Even at a very low breathing frequency a total airway conductance within the normal range cannot exclude anlatotmiical changes in the airways, because the measurement is relatively insensitive to abnormalities in the smaller airways (23) , and furthermore reflects the lumped effects of all the airway generations and so might result from the combination of narrowing in some airways and increased dimensions of other airways.
In the patients wvith reduced AG1v/AP1t (L) slopes, the major factor reducing static airway dimensions was a reduction in bronclhial distensibility, but in addition there was almost always some loss of recoil pressure.
We were unable to distinguish whether the reduced distensibility was due to stiffening of individual airways or due to a reduction in the number of parallel airways by destruction or occlusion of the lumilen.
The only previous study of the relationi between conductance and P,t (i,) in patients w%-ith chl-oniic airflow obstruction using the present method, appears to be that of Butler, Caro. Alcala, and DuBois (3) . In their patients "there was less than the normiial change in airways conductance from alterations of lunig elastic pressure" but they do not present any further (letails. Jonson (24) (but without ai-antitrypsin deficiency) in whom Vu, MAXPat (L) curves were completely normal. In these subjects, howvever, expiratory flow limitation and the disability were relatively slight. We have considered two possible explanations for our findings that the patients in whom conductance was reduced in proportion to loss of static recoil showed a disproportionate reduction in 'VE,MAX. First, it may be that an abnormality of smaller airways, present in both static and dynamic conditions, is detected by measurements of maximum flow but not by measuring G.,. Second, all airway dimensions may truly be normal under static conditions but airways contributing to Gi, may show enhanced dynamic changes on forced expiration. In distinguishing these two possibilities it is useful to compare values of G.-with those for Gus on forced expiration at the same lung volume. In patients with severe intrinsic airways disease, narrowing of airways of less than 2 mm diameter is responsible for most of the reduction in G., (23) . So in these patients, increased frictional losses in small airways will be the dominant factor in determining the values of both G. and Gu. and these values might be expected to be similar. In fact a close relationship between Gaw and Gu. was found in patients with low values of AG.w/AP.t(L), although Gaw was somewhat higher than Gu. (Fig. 8) . In part this difference arises because Gaw may have been overestimated by use of the panting maneuver in these patients. In contrast, the patients with normal values of AG.w/AP.t (L), although they had values of upstream conductance similar to those found in the patients with low AG.w/AP.t (L) slopes, had much higher values of Airflow Obstruction of Chronic Bronchitis and Emphysema total conductance, which were usually two to three times the values of Gu. at the same lung volume (Fig.  8) . Sinice in the patients with normal AGaw/.APat(L) slopes there wvould be less tendency to overestimate conductance by making the measurement during rapid panting, we postulate that these large differences arose either because increased dimensions of large airways offset the effects of small-airwav niarrowing on G. or because there were enhanced dynamic changes in airways contributing to Gut on forced expiration. Although the major bronchii Imlav be slightly larger in patients with emp)hysema than in normal subjects (30) , the functional significaince of this change is doubtful since the conductance of central airways (those wvith an internal (liameter greater than 2 mm) was definitely above the normal range in only one of seven emphysematous lungs studied at necropsy (23) . We believe it is more likely that the large differences between Gaw and Gus were due to enhanced dynamic changes in the airways. Although such changes are most obvious in the major extrapulmonary airways, lateral pressures in all the intrapulmonary airways on expiration are less than alveolar pressure so that even the most peripheral airways tend to be narrower than during breath-holding at the same lung volume. If the effective compliance of upstream airways is increased this could lead to enhanced dynamic changes during forced expiration. Further analysis of maximumii flow-static recoil curves in terms of the AXM ,MAX/APs, (L) slope over the range 70%'-30% of the vital capacity (G.) and of the intercept of this slope on the static recoil axis (Ptm') supports the presence of a dynamic effect in these patients. Gs was within or just below the normal range in six of the seven patients with normal conductance-static recoil curves, while Pt.' was increased to a mean value of + 2.8 cm H20 compared to the value of -1.3 cm H120 in our ten normal subjects (Table I) . Hence most of the abnormality in maximum flow-static recoil curves in these patients wvas due to parallel displacemenit of maximum flow points to higher values of static recoil, a change which is compatible with enhanced collapsibility of flow-limiting airways (6) .
This analysis is open to criticism in that it assumes that values of GJ and Ptm' are independent of lung volume so that the relation between maximum flow and static recoil can be described in terms of a slope and intercept. Although in some of the present patients this relationslhip was notably curvilinear, this was not the case in those patients who had a normal relation between conductance and Ps t (L) (Fig. 7) . Other (28, 29, 31) . A positive Pt.' implies that airways were limiting flow when lateral airway pressure was greater than extra-airway pressure. We cannot explain this finding; increases in Pt.' have previously been described in asthma and have been attributed to increase in the active tension of bronchial smooth muscle (6) , but this is unlikely to explain the results in chronic airflow obstruction. Obviously there is a need for a more direct assessment of dynamic airway changes thani is provided by analysis of maximum flow-static recoil curves; nevertheless both the large discrepancies between Gaw and Gu5 and the tendency to an increase in P,,,' without reduction in G. are most easily explained by enhanced airway collapsibility of airways at, or on the alveolar side of, the flow-limiting segment. Several other studies have indicated that dynamic factors are important in the airflow obstruction of emphvsema. In the middle of the vital capacity VE, MAX may be less than a fitth of the value of maximum inspiratory flow at the sanme lung volume (32) . Comiipliance of lobar bronchi on forced expiration has been showin to be increased in emphysematous patients compared to normal subjects (33) ; this abnormalitity may be explained by atrophic changes in the airways, whlich have been shown to involve lobar and segmental bronchi and several divisions of the bronchi beyond segmental bronchi (34) , implying that alterations in airway compliance in emphysema may be equally extensive.
Previously the value of Ptm' in normal subjects had been estimated as between -5 and -10 cm H20 (6).
In the present normal subjects. the value of Ptmn1' derived directly from maximum flow-static recoil curves, was -0.8 cm H20, wlhich agrees closely with the value of -1.3 cm H20 found by Permutt and Hyatt ([31] and personal communication). As Pt.' is so close to zero, the two analyses of VE, MAX set out in Eq. 1 and 2 above will not differ significantly in normal subjects.
Role of extrabronchial factors in c/ironic airflow obstrutction.. In 1951 Dayman (2) attempted to define the roles of intrinsic disease of the airway and of loss of airway-distending forces in patients with severe airflow obstruction. He suggested that in some forms of emphysema, "intrinsic obstruction of the airways may be slight or even absent." The present results confirm that in some patients with chronic airflow obstruction there is no evidence of intrinsic obstruction during breathing at low flow rates. In general these were not the most severely disabled patients although they often had large increases in static lung compliance. In these patients maximum flow was reduced out of proportion to the reduction in P.t(L), implying there must have been in addition either fixed intrinsic disease of the airways (which for some reason was not detected by measurements of Gaw) or abnormal dynamic changes in the airways. We have argued above that this reduction in maximum flow could be explained by enhanced collapsibility of flow-limiting airways or airways on the alveolar side of the flow-limiting segment. Although enhanced collapsibility of extrapulmonary airways presumably indicates a change in the airway wall itself, this is not necessarily the case for intrapulmonary airways where enhanced collapsibility might also be due to loss of airway support by lung tissue. Hence in the patients with a normal relation between conductance and P..(L) even the results on forced expiration could be due to loss of extrabronchial support as originally proposed by Dayman (2) . In most of the severest cases of chronic airflow obstruction, however, there must be an abnormality in either the position or the slope of the maximum flow-static recoil relationship, since recoil pressures are rarely reduced below about one-third of the expected values, while maximum flows may be reduced to one-tenth or less of expected values. In advanced disease there is probably both intrinsic airways disease and loss of airway distending forces. A reduced conductance at a standard P.t (L) was found in all the lungs studied at necropsy by Hogg, Macklem, and Thurlbeck (23) , while all but one of the patients in the present series had some reduction in lung recoil pressure. We suspect that loss of airway-distending forces commonly contributes to chronic airflow obstruction but is rarely the sole cause of the severest disability.
Note added in proof. Since this paper was submitted, an analysis of the relation between total pulmonary conductance (obtained by a similar method to that used by Jonson [24] ) and static lung recoil pressure has been published by H. J. H. Colebatch, K. E. Finucane, and M. M. Smith. (1973. Pulmonary conductance and elastic recoil relationships in asthma and emphysema. J. Appl. Physiol., 34: 143). These authors found that in patients with emphysema but without cough and sputum the relationship between expiratory conductance and lung recoil pressure during a single slow expiration was similar to that in normal subjects, and that in normal subjects the slope of this relationship did not change with advancing age. These results support our argument that the normal conductance-static recoil relationship found in some of our patients is unlikely to be explained by the respiratory frequency at which we measured airways conductance.
